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Abstract 26 
We have studied Pi handling in rat aortic vascular smooth muscle cells (VSMC) using 32P-27 
radiotracer assays. Our results have revealed a complex set of mechanisms consisting in 1) 28 
well-known PiT1/PiT2-mediated sodium-dependent Pi transport; 2) Slc20-unrelated 29 
sodium-dependent Pi transport that is sensitive to the stilbene derivatives 4,4'-30 
diisothiocyanatostilbene-2,2'-disulphonic acid (DIDS) and (4-acetamido-4-31 
isothiocyanostilbene-2,2-disulfonate) (SITS); 3) a sodium-independent Pi uptake system 32 
that is competitively inhibited by sulfate, bicarbonate, and arsenate and is weakly inhibited 33 
by DIDS, SITS, and phosphonoformate; and 4) an exit pathway from the cell that is 34 
partially chloride-dependent and unrelated to the known anion-exchangers expressed in 35 
VSMC. The inhibitions of sodium-independent Pi transport by sulfate and of sodium-36 
dependent transport by SITS were studied in greater detail. The maximal inhibition by 37 
sulfate was similar to that of Pi itself, with a very high inhibition constant (212 mM). SITS 38 
only partially inhibited sodium-dependent Pi transport, but the Ki was very low (14 µM). 39 
Nevertheless, SITS and DIDS did not inhibit Pi transport in Xenopus laevis oocytes 40 
expressing PiT1 or PiT2. Both the sodium-dependent and sodium-independent transport 41 
systems were highly dependent on VSMC confluence and on the differentiation state, but 42 
they were not modified by incubating VSMC for 7 days with 2 mM Pi under non-43 
precipitating conditions. This work not only shows that the Pi handling by cells is highly 44 
complex, but also that the transport systems are shared with other ions such as bicarbonate 45 
or sulfate.  46 
 47 
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New & Noteworthy 49 
In addition to PiT1 and PiT2, rat vascular smooth muscle cells show a sodium-dependent Pi 50 
transport system that is inhibited by DIDS and SITS. A sodium-independent Pi uptake 51 
system of high affinity is also expressed, which is inhibited by sulfate, bicarbonate, and 52 
arsenate. The exit of excess Pi is through an exchange with extracellular chloride. Whereas 53 
the metabolic effects of the inhibitors, if any, cannot be discarded, kinetic analysis during 54 
initial velocity suggests competitive inhibition. 55 
 56 
 57 
  58 
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Introduction 59 
Cells use inorganic phosphate (Pi) for many critical functions, including energy storage and 60 
transfer, signal transduction, the post-translational modification of proteins, cytosolic 61 
buffering, nucleic acid and biomembrane compositions, etc. To guarantee an adequate 62 
supply of Pi, cells need specific sodium-coupled Pi transporters in the plasma membrane to 63 
overcome the hydrophobicity, the negative charges, and the uphill chemical gradient of the 64 
Pi anions (4, 14). The polyprotic characteristic of Pi means that, under physiological 65 
conditions, Pi anions are only significantly present as monovalent (H2PO4-, monobasic) or 66 
divalent (HPO4=, dibasic) phosphates, and at physiological pH (7.4), divalent Pi is more 67 
than twice the concentration of monovalent Pi. The difference in the negative charges 68 
mandates the selectivity of the different Pi transporters: the Slc34 family (which includes 69 
the type II Pi transporters NaPiIIa, NaPiIIb, and NaPiIIc) has a preference for the divalent 70 
anion (4,13,14), while the Slc20 members (which include type III, PiT1, and PiT2) 71 
preferentially transport the monobasic, H2PO4- (4, 14, 24). The Slc34 family of Pi 72 
transporters is mainly (but not exclusively) responsible for the control of Pi homeostasis 73 
due to the uphill uptake of divalent Pi (the most abundant) in intestinal and renal epithelia. 74 
The role of Slc20 transporters in the control of Pi homeostasis is unclear, but as a 75 
consequence of general cell expression, these transporters seem to play a critical role in 76 
supplying Pi to cells (29). This is at first surprising because these transporters preferentially 77 
carry the less abundant Pi (H2PO4-), but even so Pi transport is saturated in cells such as 78 
VSMC (32), despite the fact that type III Pi transporters seemed to be the only sodium-79 
dependent Pi transporters expressed in VSMC (11). The frequent simultaneous expression 80 
of PiT1 and PiT2 in the same cell constitutes an apparent redundancy, which led to the 81 
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suspicion (and later proof) that these transporters have functions other than merely Pi 82 
transport, such as cell proliferation, apoptosis, signaling, etc. (5, 10, 17, 26, 29).  83 
Vascular smooth muscle cell (VSMC) cultures show sodium-dependent Pi uptake that 84 
seems to be completely mediated by PiT1 and PiT2 (21, 32). In addition, an inward 85 
sodium-independent Pi transport system has been functionally described in VSMC (32), but 86 
the molecular identity is still unknown. This sodium-independent transport system should 87 
be coupled to another, direct or indirect source of energy to compensate for the membrane 88 
potential (negative inside). Finally, cells also express an efflux system for the exit of excess 89 
Pi, and whereas the functional characteristics of this Pi efflux diverge among cell types, the 90 
only efflux system to be identified thus far is XPR1, a retroviral receptor of xenotropic and 91 
polytropic murine leukemia retroviruses (16). The exit of excess Pi from VSMC has not 92 
been characterized, and the expression of XPR1 protein is unknown. 93 
It has been suggested that both VSMC Pi transport and the Slc20 Pi transporters play a 94 
critical role in the pathogenesis of vascular calcification (11, 15), although this proposal has 95 
turned out to be scientifically controversial (33, 36).  The in vitro model of calcification 96 
used to study the role of Pi transport in vascular calcification was shown to be unrelated to 97 
vascular calcification, rather it was related to unsuspected experimental calcium 98 
precipitation (19). Therefore, Pi transport in VSMC still needs to be characterized, for 99 
physiological and pathological reasons. In this work we have conducted a more in-depth 100 
study of the characteristics of Pi transport in the aortic VSMC of rat, the aim of which is to 101 
better understand the physiology of the arterial wall and the pathogenesis of the progression 102 
of medial vascular calcification. 103 
  104 
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Materials and Methods 105 
Vascular Smooth Muscle Cells 106 
The VSMC used in the present study correspond to the same isolation batch described 107 
previously, from the aorta of 2-month old rats (19). Cells were cultured in Minimum 108 
Essential Medium (Lonza, Basel, Switzerland), with additional glutamine, antibiotics, and 109 
10% fetal calf serum, in 5% CO2.  110 
Transport assays and analyses 111 
Pi transport assays were performed under initial velocity conditions (10 minutes in VSMC, 112 
1 hour in Xenopus oocytes), using orthophosphoric acid-32P (PerkinElmer, Waltham, MA, 113 
USA), as described (17). Pi uptake or accumulation is expressed as nmol Pi per milligram 114 
of cell protein and per minute, in both VSMC and oocytes, in the Xenopus heterologous 115 
expression system. Pi transport saturation experiments were also performed for kinetic 116 
analysis (see below).  117 
For the studies with different pH values, MES (4-morpholineethanesulfonate) and Tris (2-118 
amino-2-(hydroxymethyl)-1,3-propanediol) were used, both from Sigma-Aldrich (St Louis, 119 
MO, USA). For the experiments with inhibitors, bicarbonate was added before use, and the 120 
pH was adjusted again with Tris-HCl. For oxalate, both control and oxalate-containing 121 
transport media were prepared without calcium. For the short incubation time that was used 122 
(10 minutes, initial velocity), the absence of calcium did not affect Pi transport, the total 123 
cell protein per well, the number of cells, or the cell morphology (see Results). 124 
For the experiments in which the role of chloride was studied, all salts in the uptake 125 
medium that contained chloride were replaced with the corresponding gluconate salts (all 126 
from Sigma). The Tris buffer was also pH-adjusted using gluconic acid. To study the exit 127 
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of Pi from VSMC, these cells were loaded with 32Pi (0.05 mM Pi) for three hours in uptake 128 
solution, then they were washed and incubated in uptake medium without Pi for the 129 
indicated times. The total 32P (phosphorus) of the uptake (hereafter, “exit”) medium was 130 
quantified by scintillation at several different times and was calculated as the exit of grams 131 
of phosphorus per milligram of VSMC protein. Both the total (accumulated) and the net P 132 
content in uptake medium per well were calculated, as well as the total P per unit of time 133 
(efflux rate). The progression of P accumulated in medium was studied with regression 134 
lines, whereas for both the net exit and the P accumulated in medium per minute, 135 
exponential decay curves were obtained using non-linear regression fits. In all cases, a 136 
replicates test was performed to determine whether or not the model was adequate. 137 
To determine the kinetic parameters of both Pi saturation and transport inhibition, non-138 
linear regressions was performed as described (30) using GraphPad Prism for Macintosh 139 
(GraphPad Software, La Jolla, CA, USA). The determinations of the half inhibition 140 
concentration (IC50) were performed by sigmoidal dose-response fits to the data. And for 141 
the affinity constant (Ki) calculations, global shared parameter fits to the following 142 
competitive equation were carried out: 143 
𝑉 = 𝑉 × 𝑆𝐾 + 𝑆 + 𝐾 × 𝑆; 𝐾 = 𝐾 × 1 + ⌊𝐼⌋𝐾  
Where KmObs is the affinity observed in the presence of the inhibitor, and Kd is the diffusion 144 
constant or slope of the unsaturated uptake, which includes the unspecific binding of 32P.  145 
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mRNA expression analysis 146 
For non-quantitative RNA expression, RNA was purified using a ChargeSwitch Total RNA 147 
Cell Kit (Thermo-Fisher, Massachusetts, USA), and it was reverse-transcribed using the 148 
SuperScript III First-Strand Synthesis System for RT-PCR (Thermo-Fisher). 149 
For Real Time PCR, retrotranscription was performed using a PrimeScript RT Reagent Kit 150 
(Perfect Real Time, Takara Bio Inc., Kusatsu, Japan), with SYBR Premix Ex Taq II 151 
(Takara) in a LightCycler 1.5 (Roche, Mannheim, Germany). The sequences of primers are 152 
listed in table 1. The results were normalized to GAPDH and to a calibrator, following the 153 
manufacturer’s instructions. 154 
Immunoblotting 155 
VSMC were lysed in RIPA buffer (0.01 M Tris-Cl pH 7.4, 0.14 M NaCl, 1% deoxycholate, 156 
0.1% sodium dodecyl sulfate, 1% Triton X-100, 1x protease inhibitors; all components 157 
from Sigma), and the lysate was centrifuged at 5,000 g. The supernatant protein was 158 
quantified by the bicinchoninic acid method (Pierce BCA Protein Assay kit, Thermo-159 
Fisher). Western-blots were performed as described (9) with the following commercial 160 
antibodies: anti-calponin 1 (sc-16604-R), anti-MGP (sc-66965), and anti-Sm22α (sc-161 
18513),  all three of which were from Santa Cruz Biotechnology (Heidelberg, Germany); 162 
anti-α-Smooth Muscle Actin (A5228) and anti ß-actin (A1978) antibodies were from 163 
Sigma Aldrich; and anti-PiT1 and anti-PiT2 were polyclonal antibodies reported previously 164 
(9). The signals of the specific bands were optimized with several dilutions of the primary 165 
and secondary antibodies. Expressions were quantified in relation to ß-actin signals, which 166 
were not modified in these studies. 167 
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Interference of RNA transcripts 168 
For knocking down specific RNA expression, short-interfering RNAs (siRNA) were 169 
designed and obtained as Silencer Select siRNAs from Life Technologies-Ambion (Austin, 170 
TX, USA). They were transfected with Lipofectamine 2000 (Life Technologies) as 171 
described (8), and the effect on function was observed 48 hours later. 172 
Xenopus oocytes 173 
Xenopus laevis oocytes were obtained from the European Xenopus Resource Centre, 174 
curated with funding from the Welcome Trust/BBSRC and maintained by the University of 175 
Portsmouth, School of Biological Sciences (UK). Oocytes were defolliculated, injected, and 176 
incubated as described (32). The cloning and expression of rat PiT1 have been described 177 
before (32). For PiT2, kidney cortex RNA was reverse-transcribed using the SuperScript III 178 
First‐Strand Synthesis System for RT-PCR, and the complete cDNA of rat PiT2 was 179 
amplified with Platinum™ Taq DNA Polymerase High Fidelity (Thermo-Fisher) and the 180 
following primers: sense, TCCATCGCTTTCCAGAGCAG; antisense, 181 
TGGCTGAGTTCTAAGCTCGC. The cDNAs were cloned with a TOPO TA cloning kit, 182 
were in vitro-transcribed with a Message Machine Transcription kit (Invitrogen), and were 183 
polyadenylated with a Poly (A) Tailing kit (both from ThermoFisher Scientific). 184 
Statistics 185 
All experiments were repeated at least three times, and at least triplicates were used in each 186 
experiment. The exact number of replicates is indicated in the legends. The results are 187 
shown as a mean + standard error. Analysis of Variance was used to compare more than 2 188 
means, and the Tukey post-test was used for multiple comparisons. For the comparison of 189 
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two means, a t-test was used. For the statistical differences of either the linear or non-linear 190 
regression fits, F tests were performed to provide p values on the corresponding null-191 
hypotheses and to determine the best fit. To check for the linearity of regression, a runs test 192 
was performed to determine the number of runs and if the residuals of the series of points 193 
were either positive or negative. To establish if the model (equation) used in the non-linear 194 
regression was adequate for the experimental data, a replicates test was used, which 195 
analyzes the scattering of data as a Gaussian random variation around the selected model. 196 
The goodness-of-fit of the linear and non-linear regressions was also determined with the 197 
r2, which measures the relationship between X and Y by determining the fraction of the 198 
variation that is shared between X and Y. GraphPad Prism software was also used for all 199 
statistical analyses. 200 
 201 
  202 
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Results 203 
Kinetic characteristics of Pi transport 204 
The first experiments were performed basically to characterize Pi transport and to confirm 205 
that the kinetic behavior of Pi transport in our VSMC had not changed with respect to 206 
previous studies (32). Pi transport saturation experiments confirmed the existence of inward 207 
Pi transport, in either the presence or absence of sodium, with apparent affinities of 0.15 208 
and 0.16 mM Pi, respectively (Figs. 1A and B). In this experiment, the Vmax in the presence 209 
of sodium was 5 times higher than the Vmax in the absence of sodium, as shown in Fig. 1B, 210 
after elimination of the unsaturable component.  211 
Another hallmark of Pi transport in VSMC is the pH-dependence of uptake in the presence 212 
of sodium. Uptake is highest at acidic pH, and it decreases when pH increases (Fig. 1C). 213 
This is most likely related to the expression of the type III Pi transporters, PiT1 and PiT2, 214 
because the preferred substrate (monovalent Pi) is most abundant at acidic pH. In the 215 
absence of sodium, however, we did not observe that pH had any significant effect on Pi 216 
uptake. 217 
Effect of tissue culture confluence on Pi transport and differentiation 218 
Pi uptake was also studied as a function of the confluence of VSMC in culture. Studies at 219 
approximately 5, 10, 50, and 100% confluence revealed no effect on total Pi uptake per 220 
milligram of protein in the presence of sodium (Fig. 2A). Sodium-independent Pi uptake, 221 
however, decreased progressively, reaching a minimum at 100% confluence. Total Pi 222 
uptake was therefore maintained due to an increase of the net, sodium-dependent Pi uptake, 223 
depending on the extent of VSMC confluence. 224 
To determine if the effect of confluence on Pi transport was due to VSMC differentiation, 225 
the expression of several genes related to the smooth muscle phenotype was also analyzed 226 
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by comparing the expression at 50 vs. 100% confluence. Both RNA and the protein 227 
abundance of the Pi transporter PiT1 increased with confluence, which could explain the 228 
increase in sodium-dependent Pi transport observed in Fig 2A. However, the expressions of 229 
both PiT2 RNA (with respect to GAPDH) and protein (with respect to ß-actin) were not 230 
modified (Figs. 2B and 2C). In both cases – PiT1 and PiT2 – we have only compared the 231 
total amount of protein, but reorganization in homodimers or heterodimers, as in the case of 232 
the response to changes in the Pi concentration of the culture media in osteoblastic and 233 
chondrocytic cells, cannot be ruled out (6). 234 
Smooth muscle markers, such as calponin (RNA only), Sm22α, and α-Smooth muscle 235 
actin, also showed increased RNA expression with confluence. By contrast, the expression 236 
of the calcification inhibitor, matrix Gla protein (MGP), was reduced for both RNA and 237 
protein (Figs. 2B and C). 238 
Effect of chloride on Pi uptake 239 
In addition to the sodium dependence of VSMC Pi transport, we also sought to study 240 
chloride dependence. To study the effect on sodium-dependent Pi uptake, sodium chloride 241 
was equimolarly replaced by sodium D-gluconate. Given that we were unable to obtain or 242 
easily produce choline gluconate, in this experiment N-methyl-D-glucamine chloride was 243 
used as a sodium-independent condition, and the effect of chloride was studied using N-244 
methyl-D-glucamine D-gluconate. The other chloride-containing salts of the uptake media 245 
were also replaced by the corresponding gluconate-containing salts. 246 
Figure 3A shows that the absence of chloride caused an increase in Pi accumulation in both 247 
the presence and absence of sodium. The increase was approximately 50% in both cases, 248 
with slight differences among the triplicated experiments. Because both sodium-activated 249 
and sodium-independent Pi uptakes are mediated by different transport systems, a 250 
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simultaneous inhibitory effect by chloride on these two uptake systems is unlikely. Rather, 251 
the effect of chloride withdrawal – an increase in Pi content – was most probably caused by 252 
the inhibition of an efflux pathway of Pi from the cell. To confirm this, and also to decrease 253 
the probability of a stimulatory effect by gluconate, VSMC were first incubated for 3 hours 254 
(arbitrary time) with 0.05 mM 32Pi to load the cells. The net uptake after this accumulation 255 
was greater in the absence of chloride (P < 0.05) than when it was present (69.5 and 36.5 256 
nanograms P per milligram of protein, respectively) (Fig. 3B). The reason why the 257 
accumulated 32P is expressed as grams of phosphorus rather than as moles of Pi is because 258 
after 3 hours Pi can be metabolized and incorporated into other macromolecules, and 259 
therefore the molecular entity is unknown.  The cells were then washed several times and 260 
incubated in uptake medium without Pi, in the presence or absence of chloride. The 261 
remaining 32P content in the cell (meaning 7.4 ng P/mg protein) was not significantly 262 
different among the various conditions used, but in the condition characterized by the 263 
absence of chloride the P content was always slightly higher (Fig. 3B). 32P in media was 264 
determined and expressed per mg of cell protein at every time point (Fig. 3C), thereby 265 
revealing an increased exit over time in the presence of chloride, with a regression line 266 
slope of 0.2287 ± 0.0769  and an r2 of 0.1890. Conversely, in the absence of chloride, P 267 
accumulation in medium was half the concentration observed with chloride, and the slope 268 
(0.0758 ± 0.0915) was not significantly different from zero (r2 of 0.0177). Both regression 269 
lines were not identical (P < 0.0001), and in both cases the linearity model was adequate.  270 
In addition, in the presence of chloride the slope was different from zero (p = 0.0051), 271 
whereas in the absence of chloride the slope was not (p = 0.4129).  272 
When the accumulation in medium was divided per time to determine the rate at every time 273 
interval, the efflux dropped exponentially (Fig. 3D). Non-linear regressions were performed 274 
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using an exponential equation, thereby providing half-time parameters for P accumulation 275 
in medium of 23.5 minutes in the presence of chloride and 16.7 minutes in the absence of 276 
chloride. When instead of total phosphorus in medium, the net phosphorus per time point 277 
was calculated, a steeper exponential drop was observed (Fig. 3D, inset), with half-life 278 
values of 7 and 5 minutes, respectively. Despite the fact that the half-life in the absence of 279 
chloride was smaller than with chloride, the P content in medium was always smaller when 280 
no chloride was present at all time points, even when some single points did not have 281 
significant differences. Also, very importantly, most of the P exit in VSMC takes place 282 
very quickly, and it is similar to the entrance rate. 283 
Inhibition profile of Pi transport 284 
In order to more precisely characterize the Pi handling in VSMC, either as Pi influx or 285 
efflux, we analyzed the inhibition profile using a series of substrates and inhibitors of anion 286 
exchangers (Fig. 4). Sodium-dependent Pi transport was completely inhibited using Pi itself 287 
as the inhibitor (5 mM). Arsenate (10 mM) and the anion exchangers 4,4'-288 
diisothiocyanatostilbene-2,2'-disulphonic acid (DIDS) and (4-acetamido-4-289 
isothiocyanostilbene-2,2-disulfonate) (SITS) (0.1 mM each) inhibited sodium-dependent Pi 290 
transport by 70-75%. The effects of 10 mM sulfate, 10 mM bicarbonate, 5 mM 291 
phosphonoformate (PFA), and 10 mM oxalate were not significant (Fig. 4A). To avoid 292 
oxalate precipitation, a calcium-free uptake medium was used. The absence of calcium for 293 
10 minutes did not affect Pi transport, total cell protein (13.62±0.53 vs. 13.86±0.45 µg/cm2 294 
for cells incubated with and without calcium), or cell morphology (Fig. 4B). 295 
Sodium-independent Pi transport was more sensitive to the assayed inhibitors (Fig. 4C). 296 
Maximal inhibition was obtained with phosphate and sulfate, bicarbonate and arsenate, 297 
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while the inhibitions with PFA, SITS and DIDS were less intense. Once again, oxalate did 298 
not affect Pi transport.  299 
Because sodium-dependent Pi transport in VSMC seems to be mediated mostly by PiT1 300 
and PiT2, these transporters were expressed in oocytes and assayed for the inhibitory effect 301 
of DIDS and SITS. As shown in Fig. 4C, these stilbene derivatives, used at 0.1 mM, did not 302 
affect the Pi transport of rat PiT1 or PiT2 when they were heterologously expressed in 303 
Xenopus laevis oocytes. Furthermore, no effects were observed when the oocytes were 304 
preincubated with DIDS or SITS for 30 minutes, or even longer, before the phosphate was 305 
added (not shown). 306 
The weak inhibition of sodium-independent Pi transport by sulfate, bicarbonate, or arsenate 307 
was further analyzed in VSMC using dose-response relationship studies at a constant 0.05 308 
mM Pi (Fig. 5). The results confirmed the first findings and revealed that complete 309 
inhibition was not even reached at the highest concentrations of inhibitors used (50 mM). 310 
This impeded an accurate determination of the inhibition parameters, with a preliminary 311 
half inhibition concentration (IC50) of 21, 36, and 27 mM for sulfate, bicarbonate, and 312 
arsenate, respectively. The Ki constants for the three inhibitors were therefore not 313 
calculated using these IC50 values.  314 
Dose-response assays were also performed on VSMC with DIDS and SITS in the presence 315 
of sodium (Fig. 5). In these cases, the inhibitions were also incomplete at the maximal 316 
concentrations of inhibitors used, therefore impeding any accurate kinetic analyses. With 317 
this limitation, the half inhibition concentrations were estimated, showing that the IC50 of 318 
SITS (8.2 µM) was 18 times lower than the IC50 of DIDS (178 µM) at the concentration of 319 
0.05 mM Pi.  320 
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Several inhibition constants were calculated by performing Michaelis-Menten saturation 321 
assays in the presence of different but fixed concentrations of the inhibitors (and therefore, 322 
variable concentrations of Pi for each inhibition concentration). Figure 6 shows the assays 323 
for sulfate in the absence of sodium and for SITS in the presence of sodium. In both cases, 324 
Lineweaver-Burk linear transformations suggested that both inhibitions were competitive. 325 
To determine the Ki values, non-linear regressions using global shared parameters were 326 
performed as described (30), thereby confirming the weak inhibition of sulfate, with a Ki 327 
value of 212 mM, which was 14 µM for SITS. 328 
Role of bicarbonate transporters and anion exchangers 329 
Even if the effects of the stilbene derivatives on sodium-independent Pi transport were low, 330 
this finding, in combination with the effects of sulfate and bicarbonate, suggested the likely 331 
involvement of a member of the Slc4 or Slc26 families of bicarbonate and anion 332 
exchangers. Consequently, using reverse transcription and non-quantitative PCR, first the 333 
RNA expressions of Slc4a2, Slc4a3, Slc4a7, Slc26a2, Slc26a6, Slc26a8, Slc26a10, and 334 
Slc26a11 in confluent VSMC were determined (not shown). Then the expression of these 335 
transporters was studied quantitatively by real time PCR using RNA obtained from VSMC 336 
at either 50% or 100% confluence for correlation with the changes observed in Pi uptake 337 
(Fig. 7A). A t-test was used to compare the significance of the specific expressions, and it 338 
revealed that the expressions of Slc4a3, Slc26a2, Slc26a6, and Slc26a8 increased 339 
significantly with confluence. If these transporters played a role in the efflux of Pi, then an 340 
increased expression with confluence could explain the reduced uptake in the absence of 341 
sodium observed in confluent VSMC (Fig. 2A). 342 
To clarify whether or not these transporters (Slc4a2, Slc4a3, Slc4a7, Slc26a2, Slc26a6, 343 
Slc26a8, Slc26a10, and Slc26a11) played any role in sodium-independent uptake or in the 344 
Downloaded from www.physiology.org/journal/ajpheart at Univ De Zaragoza (155.210.059.228) on January 16, 2020.
 17
efflux of Pi from the cells, specific knocking-down of the RNAs was performed using 345 
siRNA transfections. The expressions of the corresponding RNA transcripts were reduced 346 
to at least 70-80% (Fig. 7B). After 48 hours, the uptake of Pi revealed that none of the 347 
interfered transporters were responsible for a significant part of the sodium-independent 348 
influx or efflux of Pi in VSMC (Fig. 7C). 349 
Effect of a chronically high Pi concentration on the uptake and exit of Pi in VSMC 350 
Finally, we determined whether the exit of P from the cell could be modulated by 351 
incubating the VSMC in a high-Pi medium, thereby mimicking hyperphosphatemic 352 
concentrations. To avoid alkaline calcium supersaturation and homogeneous precipitation, 353 
cells were incubated in DMEM-F12 medium and 5% CO2 with either 1 or 2 mM (non-354 
radioactive) Pi (19). After 7 days under these conditions, we measured the sodium-355 
dependent and sodium-independent Pi uptake at initial velocity with 0.05 mM 32Pi, i.e., 356 
only Pi entry into the cell (10 min). No effect of incubation with 2 mM Pi for 7 days was 357 
observed in either the sodium-dependent or sodium-independent Pi uptake compared to the 358 
uptakes in VSMC incubated with 1 mM Pi (Fig. 8A).  359 
To check the effect on P exit from the cell after incubation for 7 days at 1 or 2 mM Pi, cells 360 
were washed and incubated in uptake medium with 32Pi as described in Methods and in Fig. 361 
3B. The results are shown in Fig. 8B, revealing that after 7 days of incubation with a high 362 
or normal Pi concentration, the P exiting from cells in the incubation medium also did not 363 
change. 364 
  365 
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Discussion 366 
In this work we have studied Pi transport and handling in VSMC for several reasons, 367 
including the fact that these cells constitute a good in vitro model for studying non-368 
epithelial Pi transport and because they have been used as a model for studying the role of 369 
Pi transport in vascular calcification. 370 
Regarding the fact that VSMC constitute a good in vitro model for studying non-epithelial 371 
Pi transport, we have shown that these cells exhibit several components of transport 372 
(summarized in Fig. 9) that are not usually and simultaneously found in other cell lines: a 373 
sodium-dependent Pi uptake system, a sodium-independent influx system, and an efflux 374 
system that is needed to eliminate the excess of intracellular Pi. Each one of these transport 375 
systems seems to have more than one component. For example, two inward transporters 376 
from the Slc20 family, namely PiT1 and PiT2, are components of the sodium-dependent Pi 377 
transport system in VSMC. However, the specific reduction of expression, or even the 378 
deletion, of these transporters does not completely nullify sodium-dependent Pi transport 379 
(11, 32), consequently suggesting the presence of additional transport systems, which 380 
concurs with the conclusions of this work. Furthermore, PiT1 and PiT2 show additional 381 
functions and subcellular organelle expression other than Pi transport and plasma 382 
membrane, respectively (5-7, 10, 26, 33). When PiT1 RNA is interfered, for example in the 383 
Opossum Kidney proximal tubular cell line, Pi transport is not affected, but when siRNA is 384 
directed to the much less abundant PiT2, the inhibition of expression dramatically reduces 385 
Pi uptake (17). In this case, PiT2 could have functions other than Pi transport, such as being 386 
a Pi sensor (6), a role that is compatible with the expression of an intracellular sensor of Pi 387 
(34) according to the expression location of these transporters (33). 388 
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Sodium-dependent Pi transport in VSMC responds to pH changes similar to pH effects on 389 
PiT1- and PiT2-mediated transport, which suggests a preference for monovalent Pi (Fig. 1) 390 
(32). Sodium-dependent Pi transport in VSMC shows high affinity to Pi, and resistance to 391 
phosphonoformic acid (PFA; Fig. 4A), similarly to the two SLC20 transporters (24, 32, 392 
35). Inhibition with PFA only occurs at a very high concentration, whereas members of the 393 
Slc34 family of Pi transporters are inhibited at a much lower concentration (30, 31). Most 394 
importantly, we have observed that sodium-dependent Pi transport in VSMC is partially 395 
sensitive to the stilbene derivatives, DIDS and SITS (at the same level as arsenate 396 
inhibition; Fig. 4A), whereas PiT1- and PiT2-mediated transport is completely resistant to 397 
DIDS and SITS (Fig. 4C). The inhibition is competitive, and SITS shows a very high 398 
affinity (Ki of SITS is 14.4 µM; Fig. 6). The maximal inhibition reached in VSMC with 399 
DIDS and SITS is not very high (Fig. 5), and this agrees with the presence of the sodium-400 
dependent, stilbene-resistant SLC20 Pi transporters. To our knowledge, this is the first 401 
description of DIDS/SITS-sensitive Pi transport. 402 
With respect to sodium-independent uptake, the relevance (capacity or Vmax) with respect 403 
to total transport ranges from 16.2% in the present study to 46% in a previous work (32). 404 
The difference can be explained not only by the different passages of VSMC but also by the 405 
differentiation stage of the cells, as shown in Fig. 2, because sodium-independent transport 406 
decreases with differentiation in culture. This transport also shows a high affinity for Pi 407 
(approximately 0.1 mM), similar to the sodium-dependent component (Fig. 1 and ref. 10). 408 
It is important to point out that this transport is not affected by pH, and it therefore most 409 
likely handles monovalent and divalent phosphate similarly. Even if this transport system is 410 
sodium-independent, it is most likely not equilibrative, but rather coupled to some source of 411 
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energy because the electrochemical gradient of Pi impedes the free entry of Pi into the cell. 412 
Therefore, the negative charges of Pi should be neutralized by the cotransport of cations or, 413 
most likely, by the exit of anions. This is why the sodium-dependent carriers of divalent Pi, 414 
Slc34a1 (NaPiIIa) and 2 (NaPiIIb), show a stoichiometry of 3:1 for Na+:Pi=. In Slc34a3 415 
(NaPiIIc) it is 2:1, and the monovalent Pi carriers, PiT1 and PiT2, function with a 416 
stoichiometry of 2:1 for Na+:Pi-. Therefore, all transporters are rheogenic except for 417 
NaPiIIc, which carries divalent Pi in combination with only two sodium ions (27). 418 
Regarding the inhibition pattern of sodium-independent Pi transport, it was inhibited by 419 
more compounds than sodium-dependent Pi transport (Fig. 4A). PFA, DIDS and SITS are 420 
very weak inhibitors; and sulfate, bicarbonate, arsenate and phosphate reached the maximal 421 
inhibition. As it was previously stated regarding SITS and DIDS, the low inhibitions are 422 
partially explained by the presence of a multitude of Pi transporters in these cells. However, 423 
in the case of sulfate, even if competitive (Fig. 6), the high Ki (4,000 times the apparent 424 
affinity of Pi) rules out any of the known sodium-independent sulfate transporters as 425 
candidates for Pi transporters. This was confirmed through the expression analysis of 426 
known sulfate transporters (Fig. 7). The conclusion from all the aforementioned is that a 427 
high-affinity, sodium-independent Pi transporter is present in these cells, with a high 428 
specificity for Pi uptake.  429 
The characterizations of the inhibitions in this study were performed using short incubation 430 
times, corresponding to the initial velocity, i.e., when the entrance of 32P is equivalent to the 431 
net uptake (meaning a non-significant exit can be observed). Also, the kinetic analyses of 432 
the inhibitions revealed competitive inhibitions. These two facts suggest that inhibitions act 433 
directly on transporters rather than indirectly due to mechanisms related to metabolism, 434 
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pharmacology, or pH changes. Nevertheless, this will only be clarified after the 435 
corresponding transporters are identified.   436 
A similar sodium-independent transport system has been described in capillaries of the 437 
blood-brain barrier (12). The authors used additional substrates as inhibitors, showing 438 
similar but not identical results because the concentrations and the data analyses were very 439 
different. However, the system was sodium- and energy-independent, saturable, and of high 440 
affinity (0.16 mM Pi), and it was also inhibited by sulfate, arsenate, PFA, DIDS, and SITS. 441 
Pi uptake is slightly trans-stimulated with bicarbonate, a mechanism that is inhibited with 442 
DIDS, and it is chloride-independent. This transport system (12) shows important 443 
differences with respect to the system that we have described in VSMC, such as strong 444 
inhibition with only 1 mM sulfate and the role played by chloride.  445 
Other sodium-independent uptake systems that have been described in detail are present in 446 
the basolateral membrane of the renal proximal tubules (2) and in articular chondrocytes 447 
(28). A basolateral Pi uptake system in the proximal tubules would supply Pi to the cells 448 
when the reabsorption rate is minimal. The system’s calculated affinity is, however, 449 
extremely low (Km 10 mM Pi). Moreover, the system is trans-stimulated with Pi, is 450 
resistant to sulfate and PFA, and is therefore unrelated to the sodium-independent uptake 451 
system in VSMC. In articular chondrocytes, sodium-independent uptake was inhibited by 452 
phosphonoacetate and arsenate, and it was not affected by pH changes (28). Finally, we 453 
have also described two sodium-independent Pi transport systems in the intestinal 454 
Caco2BBE cell line, depending on the concentration of Pi in the culture medium (8). Both 455 
transporters show a very high affinity for Pi and respond differently to not only inhibitors 456 
but also to changes in pH. The transport observed in these cells incubated with 1 mM Pi is 457 
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very similar to the transport observed in VSMC, with some differences such as the response 458 
to alkaline pH, which inhibits Pi uptake in Caco2BBE.  459 
We have also described a chloride-dependent exit of P from the cell (Fig. 3). Our results are 460 
preliminary and were only designed to help identify the missing transporters. Several 461 
candidates from the Slc4 and Slc26 families exchange chloride with several common 462 
anions, such as bicarbonate or sulfate (1,25). Most of the Slc4 transporters and some of the 463 
Slc26 family are DIDS-sensitive. If this were the case in VSMC, we would observe an 464 
increased accumulation of Pi in the cells with stilbene-derivative compounds, yet 465 
conversely, we see an inhibition (Figs. 4 and 5). Also, the main candidates of these families 466 
are ruled out either due to the absence of expression of some transporters or the non-effect 467 
of specific RNA interference (Fig. 7C), despite the increased expression of some of these 468 
transporters with confluence (Fig. 7A). Few studies have reported on the exit of Pi from the 469 
cell, with most of them mainly focused on the basolateral membrane of the proximal 470 
tubular cells. One work described the sodium-independent exit of Pi, non-sensitive to DIDS 471 
and electroneutral, most likely in exchange with hydroxyl anions (22). Another exchange of 472 
Pi was described several years later in Opossum Kidney (OK) cells (3), which was 473 
compatible with the low affinity uptake of Pi described previously as an exchange (2). In 474 
this case, two intracellular molecules of monovalent Pi could be exchanged with one 475 
molecule of extracellular divalent Pi or citrate, therefore being electroneutral but also 476 
independent of chloride. It is important to point out that we have not characterized the 477 
composition of the Pi that exits from the cells. Considering that VSMC were incubated for 478 
3 hours with 50 µM 32Pi, the 32phosphorus could be incorporated into nucleotides, 479 
phospholipids, phosphorylated proteins, polyphosphates, etc. In the case of pyrophosphate 480 
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(PPi), for example, the intracellularly synthesized calcification inhibitor most likely exits 481 
the cell through the ANK membrane protein (18) that is expressed in VSMC (23), and 482 
therefore some of the 32P that exits the cell will not be 32Pi but 32PPi. ANK functions 483 
independently of chloride, and therefore the likely exit of PPi is an explanation for the 32P 484 
that exits the cell independently of chloride (Fig. 3), in addition to other Pi-containing 485 
compounds. 486 
Finally, after it was proposed that increased Pi transport was necessary for the pathogenesis 487 
of ectopic vascular calcification (11, 15), we showed that such an increase was barely 488 
observed under hyperphosphatemic conditions because uptake in VSMC is already 489 
saturated at physiological concentrations of Pi. Therefore, no additional Pi will enter cells 490 
by merely increasing the concentration of Pi in uptake media or in blood plasma, unless 491 
more Pi transporters are expressed (33, 36). In this work we analyzed the modulation of Pi 492 
efflux by incubating cells for a week with 2 mM Pi and using pH-controlled media to avoid 493 
calcium supersaturation and precipitation (19). Neither the uptake (Fig. 8A) nor the exit 494 
(Fig. 8B) of Pi were regulated/modulated by or adapted to a high Pi concentration for 7 495 
days. Again, our results do not support the proposal that Pi transport is involved in the 496 
pathogenesis of vascular calcification, but they do agree with our previous work showing 497 
initial calcium deposits well before hyperphosphatemia is observed in an experimental 498 
model of chronic kidney disease, therefore also suggesting that this ectopic calcification is 499 
independent of Pi transport (20). 500 
In conclusion, despite the in-depth knowledge that has been gained over the last 25 years 501 
regarding the control of Pi homeostasis and the sodium-dependent handling of Pi, much is 502 
still unknown. Regarding VSMC alone, several Pi transport systems still need to be 503 
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identified: an additional sodium-dependent Pi transporter that is sensitive to DIDS and 504 
SITS and that uses monovalent Pi; a sodium-independent Pi transporter of high affinity that 505 
handles monovalent and divalent Pi; and a sodium-independent efflux system that is 506 
chloride-dependent. The literature shows the existence of even more unknown Pi transport 507 
systems, representing a significant challenge that still needs to be addressed. 508 
  509 
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Figures 616 
Figure 1. Characteristics of Pi transport in confluent VSMC. A. Total uptakes of Pi at 617 
increasing concentrations of substrate, in the presence or absence of sodium. The equation 618 
fitted to data includes an unsaturable component. Non-visible error bars are smaller than the 619 
symbols. B. Theoretical sodium-dependent and sodium-independent (choline chloride) 620 
transport components of total Pi uptake, according to the results of panel A. C. Effect of pH 621 
in the presence (white bars) and absence (black bars) of sodium. In A and C, every symbol 622 
and bar are the means of six data.  623 
Figure 2. Effect of confluence on VSMC. A. Effect on total sodium-dependent and 624 
sodium-independent Pi uptakes as a function of tissue culture confluence. Symbols are the 625 
mean of 3 experimental values. B. Expression of the indicated RNAs in VSMC at 50% 626 
(black bars) and 100% (white bars) confluence. Bars show the means of three data. C. 627 
Protein expression of the corresponding RNAs analyzed in B and expressed in relation to ß-628 
actin. Representative Western blots of target proteins are shown at the right. When more 629 
than one band is present, the specific signal is shown with an arrowhead. All western blots 630 
were normalized to ß-Actin, which was unchanged between samples on all blots showing 631 
no errors in loading. Full length images of all target genes and ß-Actin for all blots were 632 
provided during peer review. Only representative blots of target genes are shown for 633 
brevity. In B and C, asterisks mean significant differences with a t-test (p < 0.05). Bars are 634 
the means of 3 to 6 values. 635 
Figure 3. Role of chloride in Pi uptake and P efflux. A. Effect of chloride on sodium-636 
dependent and sodium-independent Pi uptakes under initial velocity conditions (only 637 
influx). *, p < 0.05 with a t-test. B. Phosphorus content in cell after 3 hours of incubation 638 
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with 32Pi in the presence or absence of chloride for the experiment shown in C and D. The 639 
remaining P content after 2 hours of P exit is also shown, in the presence or absence of 640 
chloride. The molecular entity of this phosphorus is unknown, and therefore only the mass 641 
of P is considered. C. P released from cells after 3 hours of loading with 0.05 mM 32Pi. 642 
32Phosphorus was determined in uptake media at the indicated times, with the total P 643 
expressed per milligram of VSMC protein. The slopes and the r2 are shown for this 644 
representative experiment. Both regression lines were significantly different. The 95% 645 
confidence intervals of both linear regressions are also shown with two dashed confidence 646 
bands. D. P exit per unit of time at every time point. Non-regression lines of exponential 647 
decay curves are shown to help understand the P exit behavior. The calculated half-life 648 
parameters and the decay rate constants are also shown. Inset: net P content in uptake 649 
medium at every time point. In all four panels, the number of data per bar or symbol is six.  650 
Figure 4. Inhibition profile of Pi transport. A. Effect of the indicated inhibitors on 651 
sodium-dependent and sodium-independent Pi transport. Asterisks indicate significant 652 
difference with respect to the Control condition, with an ANOVA and a Tukey post-test (p < 653 
0.05). Pi (as inhibitor), sulfate, bicarbonate, arsenate, and PFA were used at 5 mM, oxalate 654 
at 10 mM, and DIDS/SITS at 0.1 mM. Bars are the mean of 12 experimental data. B. 655 
Microphotographs of VSMC after incubation in uptake solution, with or without calcium 656 
for 10 minutes. Bar, 50 µm. C. No effect of DIDS and SITS on Pi transport resulting from 657 
the expression of rat PiT1 and PiT2 in Xenopus laevis oocytes. Bars are the mean of 10 658 
experimental data. 659 
Figure 5. Dose-response relationships. The assays were performed at a constant Pi 660 
concentration (0.05 mM Pi), while increasing the concentrations of inhibitors. Sulfate, 661 
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bicarbonate, and arsenate were assayed for dose-responses of sodium-independent Pi 662 
transport, and DIDS/SITS were assayed for uptake in the presence of sodium chloride. 663 
Figures show representative experiments of the inhibition assays, each of which was 664 
performed three times. Every symbol represents the mean of triplicates.   665 
Figure 6. Determination of Ki values. Michaelis-Menten saturation kinetics were 666 
performed for sulfate in the absence of sodium (A) and for SITS in the presence of sodium 667 
(B). For each saturation experiment a different concentration of inhibitors was used, as 668 
indicated in the legends. Left, Lineweaver-Burk linear regressions. Right, non-linear 669 
regression fits of a Michaelis-Menten equation to data, plus an unsaturable component. 670 
Apparent affinities are indicated in the symbol legends. Every symbol represents the mean 671 
of triplicates. 672 
Figure 7. Expression of anion exchangers. A. Quantitative, real-time PCR of the 673 
indicated anion exchanger RNAs from VSMC cultivated at 50% or 100% confluence. The 674 
significance of different expressions was determined with a t-test. B. Resulting RNA 675 
abundance inhibition after treatments with either scrambled or specific siRNAs after 48 676 
hours. C. The resulting Pi transport after anion exchanger RNA interference 48 hours post-677 
transfection, in the presence or absence of sodium. Bars of panels A and B are the means of 678 
triplicates. Bars of panel C show the means of 6 experimental data. 679 
Figure 8. Effect of VSMC incubation at a high Pi concentration. A. No effect on Pi 680 
uptake after 7 days of incubation with either 1 or 2 mM Pi. Bars show means of triplicates. 681 
B. No effect on P exit from the cell after 2 hours of incubation with 32P.  The graph 682 
represents the accumulation of 32P as grams of total phosphorus in uptake medium per 683 
milligram of VSMC protein. Symbols show the means of six experimental data. 684 
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Figure 9. Drawing depicting the Pi transport systems in VSMC. Inward Pi transporters 685 
are shown at the left, including the known Slc20 members PiT1 and PiT2. Another sodium-686 
dependent Pi transporter that is sensitive to stilbene-derivatives is also shown. Pi uptake 687 
systems also include a sodium-independent pathway (shown in the middle of the drawing), 688 
which handles both monobasic and dibasic phosphates, and it is weakly inhibited by 689 
sulfate. The transport system is most likely coupled to the exit of anions. Finally, the exit of 690 
Pi from the cell is partially coupled to the entrance of chloride, and it is resistant to DIDS 691 
and SITS. 692 
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Vmax: 0.085 nmol Pi/(mg prot*min)
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C DP in medium
Slope 0.2287; r2 0.1890




























3h Pi loading NaCl 3h Pi loading NaGluconate
2h P exit 2h P exit
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Lineweaver-Burk Michaelis-Menten Global fit







Lineweaver-Burk Michaelis-Menten Global fit

















































0mM SO4 Km 0.15mM
5mM SO4 Km 0.21mM
10mM SO4 Km 0.24mM
50mM SO4 Km 0.33mM















0 µM SITS, Km 0.12mM
1.6 µM SITS, Km 0.12mM 
4 µM SITS, Km 0.22mM 
8 µM SITS, Km 0.29mM 
40 µM SITS, Km 0.43mM
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Table 1. List of primers used for PCR  
 





Sense primer Antisense primer 
Calponin D14437.1 TCCGCACACTTTAACCGAG ATCCATGAAGTTGCTCCCG 
SM22α NM_031549.2 CAGACTGTTGACCTCTTTGAAG TCTTATGCTCCTGGGCTTTC 
α-SMA BC158550.1 CATCACCAACTGGGACGACA TCCGTTAGCAAGGTCGGATG 
MGP NM_012862.1 AACACCTTTATATCCCCTCAGC GCGTTGTACCCGTAGATCAG 
PiT1 NM_031148.1 CCGTCAGCAACCAGATCAACTC CCCATGCAGTCTCCCACCTTG 
PiT2 NM_017223.2 CTATTCCAAGAAGAGGCTCCG TCAGGATCGGTCAGCTCAG 
Slc4a2 NM_017048.2 TACCCGCACTACCTGAGTGA CAAAAGTGATGGCAGGCGAC 
Slc4a3 NM_017049.1 TGGGTCCAGATGTAGAAGAGGA GCCGGTGAAACTCAAAGTCG 
Slc4a7 NM_058211 GGCAAGAAACATTCTGACCCT GGAAAGGTTTGAGGCAGACAG 
Slc26a2 NM_057127 CTCATTGTCGTTGTGGCAGC GGCATAAACCCGGTGGGAAT 
Sc26a6 NM_001143817.1 AGCTAGAGGATCTGGGGCAC ATATCGGGGTAACCAGCCCA 
Slc26a8 XM_008772779.1 AGCTCTTCCCAAAGCGAACT GGGAACTCGATGGGATAGCG 
Slc26a10 NM_001134595.2 GCTCAGTGTAATGACTTGGTGC TTCGGGCCAGTAGGTTTCAG 







Sense primer Antisense primer 
Slc26a1 NM_022287.2 GTACCTCCCGCCACGTTAAT TCAGCCAAGTGTGGATCACC 
Slc26a2 NM_057127.1 GGGGGCTCAAAGAGGATCAA CGGTCAACTACCTCACCAATC
A 
Slc26a3 NM_053755.2 GCAGCAAGTGTGGCATTTCA GAGGCTGTGGAGGCTGATTT 
Slc26a4 NM_019214.1 CCTTTGGTTGGCGGATTCAC CACAGACGGCAGTACAGGAG 

































Slc4a1 NM_012651.2 AGATTTTCCAGGACTACCCGC AGGATGAAGACAAGCAGAGC
G 
Slc4a2 NM_017048.2 AGCTGATCATGTCCACAGCG TGGTTGCTGCCCAAGTCATA 
Slc4a3 NM_017049.1 AGAAGATCCCTGAGGACGCT TCCACTTTGGTCTGTTCCCG 
Slc4a7 NM_058211.2 AGGTGGATTTCTTGGAGAGACC CGTGGTGATCAGCCTCCTTAG 
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